Central sensitization in inflammatory pain conditions results in behavioral mechanical hypersensitivity. Specifically, C-fiber-driven spinal hyperexcitability enables A fibers to gain access to specific spinal circuitry, via heterosynaptic facilitatory mechanisms, to mediate mechanical hypersensitivity. However, the precise circuitry engaged is not known. Lamina I neurokinin 1 (NK1) receptor expressing (NK1R ϩ ) dorsal horn neurons, many of which are projection neurons, are required for the development of this hypersensitivity and are therefore likely to be a component of this circuitry. To investigate, whole-cell patch-clamp recordings were made from lamina I NK1R ϩ neurons in the spinal cord slice preparation with attached dorsal root, obtained from rats with or without complete Freund's adjuvant (CFA) hindpaw inflammation. EPSCs were recorded in response to electrical stimulation of the dorsal root. Control neurons predominantly received monosynaptic C-fiber input (69%) with a smaller proportion receiving monosynaptic A␦-fiber input (28%). In contrast, CFA inflammation significantly increased the incidence (by twofold) and magnitude (by 75% in a subset) of monosynaptic A␦-fiber but not monosynaptic C-fiber-evoked responses. A␤-fiber input to lamina I NK1R ϩ neurons was minimal, polysynaptic in nature, and unaltered by CFA inflammation. Additional examination of control neurons revealed that a proportion received silent monosynaptic A␦-fiber input, suggesting that these may provide the substrate for the novel A␦ inputs observed in CFA inflammation. This inflammation induced unmasking and strengthening of monosynaptic A␦ drive to lamina I NK1R ϩ neurons may contribute to the heterosynaptic facilitatory mechanisms underlying mechanical hyperalgesia in inflammatory pain.
Introduction
Chronic pain conditions are characterized by behavioral hypersensitivity, consisting of exaggerated pain responses to noxious stimulation (hyperalgesia) and pain responses to innocuous stimulation (allodynia). These chronic pain symptoms arise from a multitude of underlying molecular and cellular changes that lead to increased excitability of both peripheral and central sensory pathways and are termed peripheral and central sensitization, respectively (Scholz and Woolf, 2002) . The prevailing view is that peripheral sensitization primarily underlies thermal hypersensitivity, whereas central sensitization predominantly mediates mechanical hypersensitivity (Lewin et al., 2004) .
Since the discovery of central sensitization, it has been known that activity in C-fiber nociceptors is the necessary "trigger" to elicit this enhanced excitability within spinal sensory pathways by inducing activity-dependent changes in dorsal horn neurons (Woolf, 1983) . As a result of this C-fiber-driven spinal hyperexcitability, it is believed that A␤-and A␦-fiber primary afferents are now able to gain access to specific spinal circuitry, via heterosynaptic facilitatory mechanisms, enabling these afferents to "mediate" the sensations of mechanical allodynia and mechanical hyperalgesia, respectively (Treede and Magerl, 2000; Latremoliere and Woolf, 2009 ). However, the precise spinal circuitry that is engaged by A␤ and A␦ afferents and that mediates the sensations of allodynia and hyperalgesia is not specifically known.
A key player in spinal cord chronic pain mechanisms is the lamina I neurokinin 1 (NK1) receptor-expressing (NK1R ϩ ) neuron, a significant proportion of which are projection neurons and target sites in the brainstem and thalamus (Marshall et al., 1996; Todd et al., 2000; Spike et al., 2003; Al-Khater et al., 2008) . These neurons are driven by nociceptive primary afferent input (predominantly C-fiber monosynaptic) (Ruscheweyh et al., 2004; Torsney and MacDermott, 2006) and are at the origin of a spinobulbo-spinal loop that controls spinal cord excitability (Suzuki et al., 2002; Khasabov et al., 2005; Rahman et al., 2008) . Importantly, selective ablation of superficial NK1R ϩ neurons, with a substance P and saporin conjugate, diminishes central sensitization Khasabov et al., 2002) and attenuates allodynia and hyperalgesia in a variety of chronic pain models Nichols et al., 1999) .
Interestingly, it has been shown that lamina I projection neurons, expressing the NK1R, exhibit homosynaptic potentiation of C-fiber monosynaptic inputs when these C-fiber inputs are repetitively electrically stimulated in vitro, at rates that mimic their spontaneous firing pattern in inflammatory pain conditions (Ikeda et al., 2006) . In addition, if the disrupted spinal inhibition that occurs in chronic pain conditions (Zeilhofer and Zeilhofer, 2008; Basbaum et al., 2009 ) is mimicked pharmacologically in vitro, polysynaptic A-fiber input to lamina 1 NK1R ϩ neurons is facilitated (Torsney and MacDermott, 2006) . Given the potential relevance of these homosynaptic and heterosynaptic facilitatory central spinal mechanisms to the manifestation of mechanical hypersensitivity in chronic pain conditions, it is essential to investigate their likely contribution in chronic pain models. To address this question, primary afferent synaptic input to lamina 1 NK1R ϩ neurons has therefore been characterized in an inflammatory pain model exhibiting robust mechanical hypersensitivity.
Materials and Methods
Inflammatory pain model. Peripheral inflammation was induced by intraplantar injection (1 l/g body weight) of complete Freund's adjuvant (CFA) (0.5 mg/ml saline) into the left hindpaw of Sprague Dawley rats [postnatal day 16 (P16) to P19, both sexes] under isoflurane anesthesia. The animals were allowed to recover and were kept for 2-6 d, during which timeframe there is clear evidence of behavioral mechanical hypersensitivity (see Results), before being used at approximately P21 for electrophysiology. Control rats were untreated. All experiments were performed in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986 and were approved by the University of Edinburgh Ethical Review Committee.
Sensory testing. Hindpaw edema was assessed, in a subgroup, by measuring the thickness of the dorsoventral paw with calipers daily, 2-6 d after intraplantar CFA injection. Mechanical hypersensitivity was also determined using von Frey filaments (Stoelting) over the same time course. The minimum force required to elicit a flexion withdrawal reflex on four of eight von Frey applications to the plantar surface of the hindpaw was defined as the mechanical threshold.
Isolated dorsal root preparation. CFA-treated or naive non-inflamed rats (P19 -P24) were anesthetized with isoflurane and decapitated, and lumbar (L4/L5) region of the spinal cord with attached dorsal roots was removed. The spinal cords and roots were initially placed in ice-cold dissection solution, and the L4/L5 dorsal roots were isolated (left side only, CFA treated). Roots were incubated in oxygenated recovery solution at 36 -37°C for 1 h before recording. Roots were transferred to a recording chamber and continuously perfused with oxygenated Krebs' solution at a flow rate of 1-2 ml/min, and recordings were made at room temperature. Krebs' solution, saturated 95% O 2 /5% CO 2 , had the following composition (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 25 glucose, 1 MgCl 2 , and 2 CaCl 2 , pH 7.4. Recovery was the same as Krebs' solution but with 1.5 mM CaCl 2 plus 6 mM MgCl 2 . Dissection was the same as recovery but with 1 mM kynurenic acid.
Compound action potential recording. Two suction electrodes were used: one for electrical stimulation of the root and the other for recording compound action potentials. Electrical stimulation (10ϫ) was performed at 0.2 Hz for 0.1 ms using an ISO-Flex Stimulus Isolator (A.M.P.I. Intracel). The stimulation intensities used were 2. 5, 5, 10, 15, 20, 25, 30 -100 (in increments of 10), and 150 -500 A (in increments of 50) which covers the A␤-, A␦-, and C-fiber range (Nakatsuka et al., 2000) . Data were recorded and acquired using a Cygnus ER-1 differential amplifier (Cygnus Technology) and pClamp 10 software (Molecular Devices). Data were filtered at 10 kHz and sampled at 50 kHz.
Three main components of the compound action potentials could be distinguished: fast (A␣/␤), medium (A␦), and slow (C) conducting components, each having a triphasic (positive-negative-positive) profile. Sometimes small intermediate components were present among these three groups, but these were not analyzed. The amplitude of each component was calculated by measuring the distance between the negative and positive peaks, and the conduction velocity was calculated based on the latency to the negative peak at 25, 100, and 500 A for A␣/␤, A␦, and C components, respectively. The effect of CFA inflammation on the threshold stimulation intensity, conduction velocity and amplitude of the afferent components was determined using two-way ANOVA.
Spinal cord slice preparation. Spinal cords (L4/L5) with attached dorsal roots from CFA-treated or naive non-inflamed rats (P19 -P24) were obtained as detailed above. The spinal cords were initially placed in ice-cold dissection solution, embedded in an agarose block, and cut into transverse slices (350 m) with attached dorsal roots (left dorsal roots only, CFA treated). Slices were incubated in oxygenated recovery solution at 36 -37°C for 1 h and then incubated with 20 -35 nM tetramethylrhodamine conjugated substance P (TMR-SP) for 20 min at room temperature, as described previously Torsney and MacDermott, 2006) , and allowed to recover for 1 h before recording. Slices were transferred to an upright microscope equipped with fluorescence for identification of positive neurons and infrareddifferential interference contrast (IR-DIC) for electrophysiological recordings. Slices were continuously perfused with oxygenated Krebs' solution at a flow rate of 1-2 ml/min. Recordings were made at room temperature.
Patch-clamp recording. Whole-cell patch configuration (holding potential of Ϫ70 mV unless otherwise stated) was used to record EPSCs from "identified" neurons while the dorsal root was stimulated with a suction electrode, as for the compound action potential recordings. Intracellular solution had the following composition (in mM): 120 Csmethylsulfonate, 10 Na-methylsulfonate, 10 EGTA, 1 CaCl 2 , 10 HEPES, 5 QX-314-Cl [2(triethylamino)-N-(2,6-dimethylphenyl) acetamine chloride], and 2 Mg 2ϩ -ATP, pH adjusted to 7.2 with CsOH (osmolarity 290). In most cases, 1 M Alexa Fluor 488 hydrazide was included in the recording pipette. Junction potential was corrected before recording. Data were recorded and acquired using an Axopatch 200B amplifier and pClamp 10 software (Molecular Devices). Data were filtered at 5 kHz and digitized at 10 kHz.
To assess primary afferent input, the dorsal root was stimulated (three times) at 25, 100, and 500 A to activate A␤-, A␦-, and C-fiber inputs, respectively, at a low stimulation frequency of 0.05 Hz (duration, 0.1 ms) using an ISO-Flex Stimulus Isolator (A.M.P. I. Intracel) as described previously (Torsney and MacDermott, 2006 ). An 0.1 ms pulse width was chosen to replicate the electrical stimuli established previously to activate the different afferent fiber types in this age of juvenile rats (Nakatsuka et al., 2000) and also, importantly, to replicate the pulse width used by Ikeda et al. (2006) to facilitate comparison between it and the present study. However, the possibility of an underestimation of the C-fiber contribution cannot be excluded given that longer pulse widths have also been used to stimulate C-fiber inputs (Baba et al., 1999) . Response stability was used to discriminate between EPSCs that were "evoked" and therefore timed locked with the stimulus and responses that were spontaneous and therefore unconnected with the stimulus. At this low frequency of stimulation, both primary afferent monosynaptic and polysynaptic responses could be seen as stable responses.
Stable, afferent input was then dissected into monosynaptic and polysynaptic components, in the manner of Nakatsuka et al. (2000) as described in detail previously (Torsney and MacDermott, 2006) . The dorsal root was stimulated (20 times) at the following frequencies and intensities [25 A, 20 Hz; 100 A, 2 Hz (and 10 Hz, see below); 500 A, 1 Hz] to assess the monosynaptic/polysynaptic nature of the A␤-, A␦-, and C-fiber inputs, respectively. These frequencies are chosen because action potential firing in C fibers begins to fail at stimulation frequencies above 1 Hz, in A␦ fibers above 2 Hz but in A␤ fibers do not fail even at 20 Hz. If higher stimulation frequencies than those stated were used, it would not be possible to distinguish a failure of primary afferent fibers to fire action potentials from that of a synaptic failure. For A-fiber-evoked EPSCs, an absence of synaptic failures and a stable latency (Յ2 ms) was considered monosynaptic, whereas synaptic failures and/or latency variability (Ͼ2 ms) was considered polysynaptic. In all neurons, the dorsal root was stimulated at a frequency of 10 Hz in addition to 2 Hz at the 100 A stimulation intensity as many A␦ fibers can still fire action potentials at this rate. Testing at this frequency allows more rigorous testing of the monosynaptic/polysynaptic nature of the response. Interestingly, in more than half of the neurons tested, dorsal root stimulation at 10 Hz did not discount responses identified as monosynaptic at the 2 Hz stimulation rate, suggesting that, as expected, many of the recorded A␦-fiber inputs can repetitively fire action potentials at 10 Hz. For C-fiber EPSCs evoked at 1 Hz, a lack of synaptic failures was considered evidence of monosynaptic input, even if there was a prolongation of latency (Nakatsuka et al., 2000) , whereas a response showing synaptic failures was considered polysynaptic. Although a 1 Hz stimulation rate is a less rigorous test of monosynaptic versus polysynaptic, it was used to classify C-fiber inputs because higher frequencies would lead to the misidentification of monosynaptic C-fiber inputs as polysynaptic.
Silent synapse identification procedure. Monosynaptic A␦-fiber inputs mediated by NMDA receptors alone were identified in neurons lacking conventional monosynaptic A␦fiber inputs as follows. These neurons exhibit polysynaptic activity when the dorsal root is stimulated at 100 A, A␦-fiber stimulation strength when held at Ϫ70 mV. To establish the presence of monosynaptic A␦-fiber inputs mediated by NMDA receptors alone, 10 M 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) was therefore applied to block this polysynaptic activity (Torsney and MacDermott, 2006) , and 10 M bicuculline and 1 M strychnine were applied to block inhibition. The membrane was then depolarized to ϩ50 mV, and the presence of monosynaptic A␦-fiber input mediated by NMDA receptors alone was evidenced by the consistent appearance of a slow outward current in response to dorsal root stimulation (0.05 Hz, three times) at 100 A, A␦-fiber (but not 25 A, A␤-fiber) stimulation strength. To be classified as a silent monosynaptic A␦-fiber input, this outward current response at ϩ50 mV had to be evident on averaging when evoked by dorsal root stimulation (20 times) at 2 Hz, be blocked by 30 M APV, and no longer be evident after return to a holding current of Ϫ70 mV.
Patch-clamp analysis. To quantify the degree of polysynaptic A␤-fiber input, synaptic activity was analyzed by measuring the area under the curve or EPSC area from the stimulus artifact to the end of the trace (900 ms), with respect to a baseline period before the stimulus artifact, for each of the three EPSCs evoked by dorsal root stimulation at 25 A, 0.05 Hz using pClamp 10 Software (Molecular Devices), and the values were then averaged. Neurons without evoked A␤-fiber input will therefore have EPSC areas close to zero, either positive or negative in value depending on the level of spontaneous activity present before or after the stimulus artifact. Primary afferent monosynaptic EPSC amplitudes and latencies were also measured using pClamp 10 Software for each of the three EPSCs evoked by dorsal root stimulation (0.05 Hz) at a given stimulation intensity and averaged. Silent synapse peak amplitudes, latencies, and 10 -90% rise time values were measured from averaged EPSCs recorded at ϩ50 mV in response to dorsal root stimulation (0.05 Hz, three times) and evaluated with pClamp 10 Software. Estimated conduction velocities of primary afferent monosynaptic responses were calculated using the length of dorsal root stimulated and the latency of the monosynaptic response (root length/latency).
Materials. TMR-SP was purchased from Anaspec. Alexa Fluor 488 was purchased from Invitrogen. Bicuculline, D-APV, and NBQX were purchased from Tocris Bioscience. Strychnine and complete Freund's adjuvant were obtained from Sigma-Aldrich.
Results

Hindpaw inflammation
Intraplantar injection of CFA into the hindpaw, at P18, resulted in edema, erythema, and mechanical hypersensitivity. Figure 1 , A and B, demonstrates changes in paw thickness (a measure of edema) and mechanical sensitivity, respectively, in the days after CFA injection. Figure 1 A shows that, 2-6 d after CFA injection, there was a significant increase in the diameter of the inflamed hindpaw. Similarly, Figure 1 B shows that, 2-6 d after CFA injection, there was a significant reduction in the mechanical threshold for evoking the flexion withdrawal reflex in the CFA-injected hindpaw. Based on these data, isolated dorsal roots and spinal cord slices were prepared 2-6 d after CFA injection (at ϳP18) to investigate the mechanisms underlying inflammatory mechanical hypersensitivity.
CFA inflammation does not alter primary afferent thresholds or conduction velocities
Primary afferents could be divided into three distinct groups, corresponding to A␣/␤, A␦, and C fibers, on the basis of threshold and conduction velocity of compound action potentials recorded extracellularly from the dorsal root ( Fig. 2 A) . Intraplantar CFA injection, 2-6 d before isolation of the dorsal roots did not significantly alter the threshold stimulation intensity required to activate the different afferent components (Fig. 2 B) . Similarly, CFA inflammation did not significantly alter the conduction velocity of the afferent components ( Fig. 2C ) or the amplitude of any of the afferent components (A␤ control, 2.5 Ϯ 0.3 A; A␤ CFA, 3.5 Ϯ 0.7 A; A␦ control, 0.12 Ϯ 0.02 A; A␦ CFA, 0.15 Ϯ 0.03 A; C control, 0.21 Ϯ 0.01 A; C CFA, 0.22 Ϯ 0.01 A). Notably, these values are similar to comparable in vitro recordings Géranton et al., 2009) . The lack of effect of peripheral CFA inflammation on primary afferent thresholds and conduction velocities has previously been established in adult rats (Baba et al., 1999; Nakatsuka et al., 1999) . However, it was important to confirm this finding in juvenile rats (ϳP21) before commencing patch-clamp recording of primaryafferent-evoked activity in spinal slices from both CFApretreated and naive juvenile rats. Based on these data, stimulation intensity values previously used to activate the different afferent components in naive (ϳP21) rat spinal slices (Torsney and MacDermott, 2006) were similarly used in the present study and are detailed in Figure 2 B.
Primary afferent synaptic input to lamina I NK1R ؉ neurons
Whole-cell patch configuration was used to record EPSCs from lamina I NK1R ϩ neurons in spinal slices from control untreated and CFA-pretreated rats (holding potential, Ϫ70 mV; control neurons, n ϭ 56; CFA neurons, n ϭ 41). The dorsal root was stimulated over a range of intensities and frequencies to characterize the primary afferent input and its monosynaptic/polysynaptic nature. Figure 3A shows an example of a lamina I NK1R ϩ neuron, in a control spinal slice, identified after incubation with 35 nM TMR-SP. The recording pipette often contained 1 M Alexa Fluor 488 hydrazide to confirm that the neuron labeled with TMR-SP was that recorded under IR-DIC ( Fig. 3Aiii ). Lamina I NK1R ϩ neurons could easily be distinguished because of the Figure 1. A, B , Time course of paw edema (A) and mechanical hypersensitivity (B) after intraplantar injection of CFA into the hindpaw at P18 (n ϭ 10). Paw edema was quantified by measuring the dorsoventral paw thickness, and mechanical hypersensitivity was assessed by determining the mechanical threshold of the flexion withdrawal reflex with von Frey filaments. Averaged data are represented as mean Ϯ SE. The legend in A also applies to B. Two-way repeated measures ANOVA followed by Bonferroni's post hoc tests were used to compare ipsilateral and contralateral measurements at all time points (***p Ͻ 0.001).
lack of NK1R ϩ neurons in lamina II (Bleazard et al., 1994; Brown et al., 1995) . Laminar location of the recording pipette was always confirmed at the end of the experiment using low magnification (4ϫ), allowing confirmation that recordings were dorsal (lamina I) to the relatively translucent lamina II.
In this preparation, TMR-SP labels a small proportion of lamina I neurons (on average, 5-10 neurons per slice), clearly less than the 45% of lamina I neurons reported to express the NK1 receptor (Todd et al., 1998) . Given that many lamina I projection neurons (ϳ5% of lamina I neurons) that express the NK1 receptor do so at moderate to strong levels (Spike et al., 2003) , we are more apt to be targeting this projection neuron population rather than the population of weakly NK1R-immunoreactive neurons (Cheunsuang and Morris, 2000) that are likely to be interneurons (Al Ghamdi et al., 2009) . It has been established that CFA inflammation localized to the hindpaw does not alter the numbers of NK1R-expressing neurons in lamina I (Abbadie et al., 1997; Honor et al., 1999) , and therefore TMR-SP is expected to label the same neuronal population in spinal slices from control untreated and CFA-pretreated rats. Comparable cell capacitance values were obtained for lamina I TMR-SP-labeled neurons in both groups (control, 30.56 Ϯ 2.38; CFA, 28.89 Ϯ 2.21; Mann-Whitney test, p ϭ 0.8, not significantly different), which supports this assertion, as shown previously in similar studies (Rycroft et al., 2007; Vikman et al., 2008) .
Our technique for pre-identifying NK1R ϩ neurons is expected to have little impact on the synaptic activity we are studying. TMR-SP is one of the least biologically active of fluorescenceconjugated substance P analogs and does not inhibit neuronal M-type K ϩ current at the nanomolar concentration used in our study, although it does elevate calcium in Chinese hamster ovary cells expressing NK1 receptor (Bennett and Simmons, 2001) . Moreover, this TMR-SP labeling approach has been validated in a previous study of spinal NK1R ϩ neurons (Tong and MacDermott, 2006) .
Dorsal root stimulation at different intensities and frequencies was used to establish the nature of the primary afferent input to lamina I NK1R ϩ neurons. The most commonly occurring types of afferent input are shown in Figure 3 . Figure 3B shows an example of EPSCs recorded from a lamina I NK1R ϩ neuron, in a control spinal slice, that received monosynaptic C-fiber input. Low-frequency dorsal root stimulation (0.1 ms, 0.05 Hz, three times) at A␤-fiber (25 A) and A␦-fiber (100 A) intensities evoked small EPSCs, whereas stimulation at C-fiber intensity (500 A) clearly evoked a response ( Fig. 3Bi ). High-frequency stimulation revealed that the small A-fiber-evoked response was polysynaptic because the response sometimes failed. The C-fiber-evoked response was shown to be monosynaptic in nature because high-frequency stimulation reliably evoked EPSCs (Fig. 3Bii) . Figure 3C shows an example of EPSCs recorded from a lamina I NK1R ϩ neuron, in a CFA spinal slice, that received monosynaptic A␦-fiber input. Dorsal root stimulation at A␤ intensity only evoked small EPSCs, whereas stimulation at A␦-fiber intensity evoked a clear response. Increasing the stimulation intensity to C-fiber strength did not recruit any additional components (Fig.  3Ci ). The small A␤ response was shown to be polysynaptic because the response showed failures at high-frequency stimulation rates, whereas the A␦-fiber response was reliably evoked after high-frequency (2 Hz) stimulation with little variability in latency (Յ2 ms) ( Fig. 3Cii ). This monosynaptic response profile was also generated by stimulating the dorsal root at the higher frequency of 10 Hz (data not shown). Figure 3D shows an example of EPSCs recorded from a lamina I NK1R ϩ neuron, in a CFA spinal slice, that received monosynaptic A␦-fiber and monosynaptic C-fiber input. Dorsal root stimulation at A␤-fiber intensity only evoked small EPSCs, whereas stimulation at A␦-fiber intensity evoked a clear response, and increasing the stimulation intensity to C-fiber strength revealed an additional longer-latency component (Fig. 3Di ). Again the small A␤ response was shown to be polysynaptic because the response showed failures at high-frequency stimulation rates, whereas the A␦-and C-fiber responses were reliably evoked after high-frequency stimulation with the A␦-fiber response showing little variability in latency (Յ2 ms) ( Fig. 3Dii ), indicating that both the A␦-and C-fiber inputs were monosynaptic.
CFA inflammation does not facilitate polysynaptic A␤-fiber input or alter disinhibition revealed polysynaptic A␤-fiber input to lamina I NKIR ؉ neurons
It has been demonstrated previously that pharmacologically mimicking the disrupted spinal inhibition that occurs in chronic pain conditions can facilitate novel and enhanced polysynaptic A␤-fiber input to lamina I NK1R ϩ neurons (Torsney and Mac-Dermott, 2006) . Given that disrupted spinal inhibition is a feature of inflammatory pain conditions (Zeilhofer and Zeilhofer, 2008) , it was determined whether the amount of polysynaptic A␤fiber input to lamina I NK1R ϩ neurons was increased by CFA inflammation. Lamina I NK1R ϩ neurons, in both control and inflamed spinal slices, received limited amounts of polysynaptic A␤fiber input as can be seen in Figure 3B -D. Figure 4A shows that CFA inflammation did not significantly alter the degree of polysynaptic A␤-fiber input to these neurons, as determined by quantifying the area of A␤-fiber-evoked EPSCs and comparing between control and CFA conditions. This suggests that the spinal disinhibition that occurs in CFA inflammation does not impinge on the low-threshold polysynaptic drive to these neurons.
To further characterize the integrity of the inhibitory control that regulates this low-threshold polysynaptic drive onto lamina I NK1R ϩ neurons, the consequence of disinhibition was assessed, in a subset of both control and CFA neurons and compared. Figure 4 Bi shows the A␤-fiber-evoked response of the CFA lam- ina I NK1R ϩ neuron (Fig. 3C ) that had a small polysynaptic A␤ and clear monosynaptic A␦-fiber input. In the presence of the GABA A and glycine receptor antagonists bicuculline (10 M) and strychnine (300 nM), this polysynaptic A␤-fiber input is clearly enhanced (Fig. 4 Bii) . Figure  4C shows the fold increase in EPSC area under disinhibition conditions in lamina I NK1R ϩ neurons and illustrates that there is no significant difference between control and CFA-treated groups. Disinhibition revealed novel or enhanced polysynaptic A␤-fiber input in ϳ60% of both control and also CFA lamina I NK1R neurons, similar to that reported previously in naive spinal cord (Torsney and MacDermott, 2006) . These data suggest that there is a low-threshold polysynaptic drive to lamina I NK1R ϩ neurons that is similarly under strong inhibitory regulation in both control and CFA inflamed spinal slices.
CFA inflammation increases the incidence and magnitude of monosynaptic A␦-fiber but not monosynaptic C-fiber input to lamina I NKIR ؉ neurons
It has been suggested that the firing pattern of C-fiber afferents in inflammatory pain conditions will lead to a potentiation of monosynaptic C-fiber but not monosynaptic A-fiber synapses with lamina I projection neurons expressing the NK1R (Ikeda et al., 2006) . To address this question, the afferent input to lamina I NK1R ϩ neurons was characterized, as illustrated in Figure 3 , and compared between control and CFA inflammation, as summarized in Figure 5 . The pie charts in Figure  5A show that lamina I NK1R ϩ neurons were dominated by primary afferent monosynaptic inputs with only a small proportion in both control and CFA conditions receiving purely polysynaptic inputs in 13 and 15% of neurons, respectively. Under control conditions, this monosynaptic input is predominantly C-fiber mediated, with 69% of neurons receiving monosynaptic C-fiber input, with a smaller proportion (28%) receiving monosynaptic A␦-fiber input and with some of these neurons (14%) receiving both monosynaptic C-fiber and monosynaptic A␦-fiber input (Fig. 5Ai ). There were few control neurons (6%) with monosynaptic A␤-fiber input. After CFA inflammation, the pattern of afferent input is significantly altered (Fig. 5Aii ) ( 2 analysis, p Ͻ 0.05). The overall incidence of C-fiber monosynaptic input is not significantly altered (Fisher's exact test). However, strikingly, the incidence of monosynaptic A␦-fiber input is significantly increased by twofold, from 28 to 58% (Fisher's exact test, p Ͻ 0.01). Both the number of neurons with only monosynaptic A␦-fiber input and those with monosynaptic A␦-fiber and monosynaptic C-fiber inputs are increased by twofold (both increased from 14 to 29%), although these just miss significance (Fisher's exact test, both p ϭ 0.08) when the data is subgrouped in this manner. A significant increase in the latter is certainly supported by a significant decrease in the numbers of neurons with only monosynaptic C-fiber input (Fisher's exact test, p Ͻ 0.001) despite a lack of significant change in the overall incidence of C-fiber monosynaptic input. The incidence of purely polysynaptic and monosynaptic 
A␤-fiber input was not significantly altered by CFA inflammation (Fisher's exact test).
The increased incidence of monosynaptic A␦-fiber input is credible and not likely attributable to, for example, C fibers with lowered thresholds after CFA inflammation being misidentified as monosynaptic A␦-fiber inputs for the following reasons. Compound action potential recordings from isolated dorsal roots (Fig. 2) clearly established that CFA inflammation did not alter the threshold stimulation intensity required to activate the different afferent components (the 100 A A␦ stimulation intensity used in the patching studies was below the C-fiber threshold in all control and CFA dorsal roots tested). The criteria used to identify a monosynaptic A␦-fiber input would likely have been too stringent (lack of failures, latency variability Յ2 ms at 2 Hz stimulation) to misidentify a monosynaptic C-fiber input, which show considerable latency variability and failures at rates above 1 Hz, as an apparent monosynaptic A␦-fiber input (Nakatsuka et al., 2000) . If, however, monosynaptic C fibers with lowered thresholds were observed after CFA inflammation and were misidentified as monosynaptic A␦-fiber inputs, then the incidence of neurons with monosynaptic C-fiber input would be expected to be correspondingly decreased, which they are not (Fig. 5 ). Furthermore, the estimated conduction velocity of monosynaptic A␦-fiber inputs was not significantly different between control and inflamed tissue but was significantly different from the faster conducting monosynaptic C-fiber inputs (see Fig. 7 ). For these reasons, it is strongly held that CFA inflammation increased the incidence of monosynaptic A␦-fiber input to lamina I NK1R ϩ neurons.
The peak amplitude of monosynaptic A␦-fiber-evoked and monosynaptic C-fiber-evoked EPSCs was also compared between control and CFA conditions (Fig. 5B ). CFA inflammation resulted in a significant increase (ϳ75%) in the magnitude of monosynaptic A␦-fiber-evoked EPSCs in those neurons receiving only monosynaptic A␦-fiber input (two-way ANOVA, followed by Bonferroni's post hoc tests, p Ͻ 0.05) but not in those neurons receiving both monosynaptic A␦-fiber and monosynaptic C-fiber input, which have smaller amplitude responses. However, CFA inflammation did not significantly alter the magnitude of monosynaptic C-fiber-evoked EPSCs whether or not they received only monosynaptic C-fiber input or both monosynaptic A␦-fiber and monosynaptic C-fiber input (data not shown) or when all C-fiber-evoked EPSCs are pooled as shown in Figure 5B .
In summary, CFA inflammation results in a significant expansion and potentiation of monosynaptic A␦-fiber inputs to lamina I NK1R ϩ neurons without any significant alteration in monosynaptic C-fiber inputs. Compared with the control situation in which monosynaptic C-fiber input was the predominant input to these neurons, in CFA inflammation this was no longer the case. The additional monosynaptic A␦-fiber inputs that were unmasked by CFA inflammation increased the incidence of monosynaptic A␦-fiber inputs to a level that was comparable with that of the monosynaptic C-fiber input. Furthermore, although CFA inflammation did not potentiate responses to monosynaptic C-fiber input, it did potentiate responses to monosynaptic A␦-fiber input in the subset of neurons that received only monosynaptic A␦-fiber input, such that these monosynaptic A␦-fiber inputs were now able to evoke even larger EPSCs (ϳ2200 pA) than that evoked by monosynaptic C-fiber input (ϳ1200 pA).
Control lamina I NKIR ؉ neurons received pure NMDA or "silent" monosynaptic A␦-fiber input
The presence of pure NMDA receptor or "silent" synapses in the spinal dorsal horn has been well established by a number of groups (Bardoni et al., 1998; Li and Zhuo, 1998; Baba et al., 2000; Jung et al., 2005) after the first suggestion of the existence of silent or "ineffective" spinal synapses (Wall, 1977) . It has been proposed that activation of these silent synapses, by activitydependent mechanisms after injury, could provide a mechanism for the acquisition of novel synaptic inputs important for allodynia and hyperalgesia . To address the hypothesis that the novel monosynaptic A␦-fiber inputs revealed by CFA inflammation, in the present study, could arise as a result of the activation of silent synapses, control lamina I NK1R ϩ neurons lacking conventional monosynaptic A␦-fiber inputs were examined in detail for the presence of silent monosynaptic A␦fiber inputs. It should be noted that, in the aforementioned studies of dorsal horn silent synapses, specific presynaptic and postsynaptic partners were not identified.
Control lamina I NK1R ϩ neurons that lacked conventional monosynaptic A␦-fiber inputs typically exhibited EPSCs in response to 100 A A␦-fiber stimulation that were attributable to polysynaptic A␤-fiber and/or polysynaptic A␦-fiber input. Figure  6 shows an example of a control lamina I NK1R ϩ neuron with polysynaptic A␦-fiber input that was examined for the presence of a silent monosynaptic A␦-fiber input. This neuron did not respond to A␤-fiber stimulation (data not shown), and the response evoked by A␦-fiber stimulation showed 7 ms latency variability when elicited at 2 Hz, clearly indicating its polysynaptic nature (Fig. 6 A) . Identification of silent synapses generally uses "minimal stimulation" techniques whereby the stimulus strength is reduced to a level at which AMPA-receptor-mediated EPSCs are no longer observed at Ϫ70 mV, allowing the experimenter to then change to a positive holding potential to determine whether there are pure NMDA-receptor-mediated synapses present (Isaac et al., 1995; Liao et al., 1995) . This minimal stimulation technique could not be used in the present study because the stimulation strength could not be reduced from the 100 A A␦fiber stimulation intensity because the goal was to determine the existence of silent monosynaptic A␦-fiber inputs. To circumvent this issue, the AMPA receptor antagonist NBQX (10 M) was applied to eliminate the polysynaptic activity (Torsney and Mac-Dermott, 2006) in the presence of the GABA A and glycine receptor antagonists bicuculline (10 M) and strychnine (1 M) to block inhibition (Fig. 6 B) . Moving to a positive holding potential (ϩ50 mV) revealed a slow outward current that is presumed to be a pure NMDA or silent monosynaptic A␦-fiber input for the following reasons (Fig. 6C) . The response was evidently NMDA receptor mediated because the slow outward current observed at ϩ50 mV was no longer present on return to Ϫ70 mV, as expected given the voltage dependence of the NMDA receptor and magnesium block at hyperpolarized potentials (Fig. 6 D) . It was also blocked by the NMDA receptor antagonist APV (30 M) at ϩ50 mV ( Fig. 6 E) , and this was reversible during washout (Fig. 6 F) . Regarding the monosynaptic/polysynaptic nature of the NMDAreceptor-mediated response, silent synapses show failures at stimulation frequencies even lower than 2 Hz (Isaac et al., 1995 (Isaac et al., , 1997 even when minimal stimulation techniques are not used (Durand et al., 1996) , and so the criteria for identifying a conventional monosynaptic A␦-fiber input (lack of failures and latency variability Յ2 ms at 2 Hz stimulation rates) could not be used here. However, although silent synapses show failures with repetitive stimulation, the response is clearly evident during averaging (Isaac et al., 1995 (Isaac et al., , 1997 as was observed in the current example after high-frequency stimulation at 2 Hz (Fig. 6G) as would be expected for a monosynaptic input. Moreover, the latency of the slow outward current (Fig. 6C ) was shorter than that of the polysynaptic A␦-fiber input observed at Ϫ70 mV ( Fig. 6 A) as would be predicted for a monosynaptic A␦-fiber input. If the slow outward current was not monosynaptic and was an NMDAreceptor-mediated polysynaptic component of the polysynaptic input observed at Ϫ70 mV, it would most likely have the same or a longer latency, but it instead had a shorter latency. In addition, as discussed in detail above, blocking inhibition facilitates polysynaptic A-fiber input to these neurons (Torsney and MacDermott, 2006) , but such polysynaptic input generally had a longer latency than the preexisting input to the neuron. Therefore, the shorter-latency slow outward current observed here is not likely attributable to a disinhibition revealed polysynaptic input. Furthermore, it would seem unlikely that the NMDA-receptormediated response could be polysynaptic anyway given that the slow outward current was recorded in the presence of the AMPA receptor antagonist NBQX (10 M), and so the polysynaptic input would need to be solely reliant on NMDA receptor activity, yet only the recorded neuron was held at ϩ50 mV. It should be noted that activation of NMDA receptors alone can drive action potential firing of dorsal horn neurons (Bardoni et al., 2000) , but this is only when neurons are stimulated at very high frequency (40 Hz) in order for EPSPs to summate sufficiently to action potential threshold, which could not be observed at the considerably lower frequencies (0.05 and 2 Hz) used in the present study. Therefore, the most plausible interpretation is that this lamina I NK1R ϩ neuron, which lacked a conventional monosynaptic A␦-fiber input, received a silent monosynaptic A␦-fiber input.
Control lamina I NK1R ϩ neurons, which lacked conventional monosynaptic A␦-fiber input, were similarly assessed, and 6 of the 12 neurons examined were shown to receive silent monosynaptic A␦-fiber input. In summary, these slow outward currents observed at ϩ50 mV were only observed at A␦-fiber and not A␤-fiber stimulation intensities, were blocked by 30 M APV, were no longer evident after return to a holding current of Ϫ70 mV, and were present during averaging when evoked by 2 Hz dorsal root stimulation. The average peak amplitude of the outward currents was 52.6 Ϯ 9.0 pA, and these events had slow 10 -90% rise times (17.7 Ϯ 3.6 ms), which are very similar to the rise time kinetics of pure NMDA-receptor-mediated but not mixed AMPA/NMDA-receptor-mediated synapses, reported previously in the dorsal horn (Bardoni et al., 1998) .
The monosynaptic nature of the primary afferent evoked slow outward current observed at ϩ50 mV can be clearly dissociated from the primary-afferent-evoked polysynaptic activity observed in these neurons at Ϫ70 mV. In those neurons with polysynaptic A␦-fiber input, the latency of the slow outward current observed at ϩ50 mV was always shorter than that of the polysynaptic A␦fiber input recorded at Ϫ70 mV (n ϭ 3), consistent with a monosynaptic A␦-fiber input. In those neurons with polysynaptic Figure 5 . CFA inflammation increases the incidence and magnitude of monosynaptic A␦fiber but not monosynaptic C-fiber input to lamina I NKIR ϩ neurons. A, The proportion of lamina I NK1R ϩ neurons with input from different afferent fiber classes in both control (Ai) and CFA inflammation (Aii) groups is summarized (control neurons, n ϭ 56; CFA neurons, n ϭ 41). The wedges in the pie chart refer to the primary afferent monosynaptic input(s) received apart from the "poly" grouping, which reflects those neurons receiving purely polysynaptic inputs. For example "A␦ only" refers to those neurons receiving only monosynaptic A␦-fiber input, and "A␦ with C" refers to those neurons receiving both monosynaptic A␦-fiber and monosynaptic C-fiber input. The overall pattern of afferent input is significantly altered by CFA inflammation ( 2 analysis, p Ͻ 0.05). The incidence of monosynaptic A␦-fiber input is significantly increased by twofold (Fisher's exact test, p Ͻ 0.01), whereas the incidence of C-fiber monosynaptic input is not significantly affected (Fisher's exact test). B, Effect of CFA inflammation on the peak amplitude of monosynaptic A␦-fiber-evoked and monosynaptic C-fiber-evoked EPSCs in lamina I NK1R ϩ neurons. "C all" refers to the C-fiber-evoked peak amplitude in all neurons receiving monosynaptic C-fiber input, "A␦ only" refers to the A␦-fiber-evoked peak amplitude of those neurons receiving only monosynaptic A␦-fiber input, and "A␦ with C" refers to the A␦fiber-evoked peak amplitude of those neurons receiving both monosynaptic A␦-fiber and monosynaptic C-fiber input. Averaged data are represented as mean Ϯ SE, and the numbers of neurons analyzed within each class were shown on each bar. Two-way ANOVA followed by Bonferroni's post hoc tests (*p Ͻ 0.05) reveals that CFA inflammation significantly increases the peak amplitude in the "A␦ only" grouping.
A␤-fiber input (n ϭ 3), dorsal root stimulation only evoked slow outward currents when stimulated at A␦-fiber but not A␤-fiber strength. Finally, only a proportion of neurons (6 of 10) with polysynaptic activity observed at Ϫ70 mV showed outward currents at ϩ50 mV.
To further confirm the monosynaptic A␦ nature of the outward current observed at ϩ50 mV, the estimated conduction velocity of the afferent component evoking the response was calculated and compared with the estimated conduction velocity of conventional monosynaptic A␦-and C-fiber inputs in control and CFA conditions. Figure  7 shows that the estimated conduction velocity of the silent A␦-fiber inputs were not significantly different from values obtained for conventional monosynaptic A␦-fiber inputs but were, as expected, significantly faster than the values for conventional monosynaptic C-fiber inputs, in both control and CFA conditions (one-way ANOVA). These data provide additional confirmation that a proportion (50%) of lamina I NK1R ϩ neurons that lacked conventional monosynaptic A␦fiber inputs received pure NMDA or silent monosynaptic A␦-fiber input.
In summary, in contrast to previous studies describing pure NMDA receptor expression at dorsal horn synapses with unknown presynaptic and postsynaptic partners (Bardoni et al., 1998; Li and Zhuo, 1998; Baba et al., 2000; Jung et al., 2005) , these data provide novel evidence for the presence of silent synapses specifically between monosynaptic A␦-fiber inputs that are key for mechanical hyperalgesia (Treede and Magerl, 2000) and lamina I NK1R ϩ neurons that are important for chronic pain Nichols et al., 1999) .
Discussion
CFA inflammation increased the incidence and magnitude of monosynaptic A␦-fiber but not monosynaptic C-fiber input to lamina I NK1R ϩ neurons. A proportion of control neurons received silent monosynaptic A␦-fiber inputs, suggesting that these may provide the substrate for the novel A␦ inputs observed after CFA inflammation. The fact that 50% of lamina I NK1R ϩ neurons that lacked conventional monosynaptic A␦fiber input received silent monosynaptic A␦-fiber input correlates well with the fact that 40% of these neurons acquired novel monosynaptic A␦-fiber input during CFA inflammation.
Inflammation induced alterations in afferent input
Spinal disinhibition facilitates polysynaptic A␤-fiber input to lamina I NK1R ϩ Figure 6 . Silent monosynaptic A␦-fiber input to a control lamina I NK1R ϩ neuron. A, Characterization of primary afferent synaptic input to a control lamina I NK1R ϩ neuron receiving polysynaptic A␦-fiber input. In A-F, the left trace shows examples of EPSCs evoked by stimulation (0.1 ms) using A␦ (100 A)-fiber stimulation intensities at low frequency. Each trace comprises three averaged traces evoked at 0.05 Hz. The second trace in A shows examples of EPSCs evoked by higher-frequency stimulation (100 A/2 Hz) and comprises 20 superimposed traces exhibiting a latency variability of 7 ms and is shown at a faster timescale than the left trace. In A-G, the schematic on the right illustrates the input recorded under the different experimental conditions. Scale bars for the left trace in A also apply to B. In B-G, all recordings are performed in the presence of NBQX (10 M) to block polysynaptic activity and bicuculline (B; 10 M) and strychnine (S; 1 M) to block inhibition. B, Stimulation of the neuron, held at Ϫ70 mV under these conditions, produced no detectable EPSC, and the block of polysynaptic input is shown schematically. C, When the neuron is held at ϩ50 mV, a slow outward current was observed because of the removal of the voltage-dependent Mg 2ϩ block of the NMDA receptor and unmasking of a silent monosynaptic A␦-fiber input, as illustrated. Note that the slow outward current has a shorter latency than the polysynaptic input in A (see dotted line). D, The slow outward current was no longer evident on return to Ϫ70 mV because of the voltage-dependent Mg 2ϩ block of the NMDA receptor and remasking of the silent monosynaptic A␦-fiber input, as depicted. E, The outward current was completely blocked by APV (30 M) as expected for a pure NMDA receptor synapse; this block was reversible (F ), and these are shown schematically. In G, the trace comprises 20 averaged traces evoked by 2 Hz A␦ (100 A)-fiber stimulation intensity (0.1 ms), and the silent monosynaptic A␦-fiber input is again illustrated. Scale bars in C apply to C-G.
neurons (Torsney and MacDermott, 2006) ; therefore, it was predicted that peripheral inflammation, which disrupts spinal inhibition (Zeilhofer and Zeilhofer, 2008) , would similarly facilitate this input. However, CFA inflammation did not alter the degree of polysynaptic A␤-fiber input to lamina I NK1R ϩ neurons. Nonetheless, it could be that a mediator, such as prostaglandin E 2 , which plays a pivotal role in inflammatory spinal disinhibition (Zeilhofer and Zeilhofer, 2008) , is simply not maintained in spinal slices in vitro. In addition, ongoing peripheral input, which would be eliminated by the slice preparation, is required for the maintenance of allodynia (but interestingly not hyperalgesia) (LaMotte et al., 1991; Koltzenburg et al., 1994) , providing another explanation for the unaltered A␤ input observed. However, facilitation of polysynaptic A␤-fiber input to substantia gelatinosa neurons has been observed in adult slices after CFA inflammation (Baba et al., 1999) , suggesting that these factors may not be an issue. The use of juvenile rather than adult rats, in the present study, is not a concern given that robust mechanical hypersensitivity was observed and inflammation induced spinal hyperexcitability, at this age, is comparable with the adult (Torsney and Fitzgerald, 2002) . Furthermore, spinal disinhibition similarly facilitated polysynaptic A␤-fiber input in both control and CFA neurons, suggesting that low-threshold drive to lamina I NK1R ϩ neurons is similarly under strong inhibitory control in both conditions. Therefore, unmasking of polysynaptic A␤-fiber input to lamina I NK1R ϩ neurons may not be important for inflammatory allodynia, although it may have relevance for neuropathic pain (Keller et al., 2007) . Inflammatory allodynia may instead be mediated by other spinal circuits driven by A␤ fibers (Miraucourt et al., 2007 (Miraucourt et al., , 2009 or low-threshold C-fiber mechanoreceptors (Seal et al., 2009) .
Lamina I projection neurons, expressing the NK1R, exhibit homosynaptic potentiation of C-fiber monosynaptic inputs when these inputs are electrically stimulated in vitro, at rates that mimic their inflammatory firing pattern (Ikeda et al., 2006) . However, in the present study, CFA inflammation did not potentiate responses to monosynaptic C-fiber input in lamina I NK1R ϩ neurons. Notably, homosynaptic potentiation was only observed in a subpopulation that projected to the periaqueductal gray (PAG) (Ikeda et al., 2006) , and so a comparable effect in the current study may have been diminished by studying lamina I NK1R ϩ neurons that project to a variety of sites, not only the PAG (Marshall et al., 1996; Todd et al., 2000; Spike et al., 2003; Al-Khater et al., 2008) . Alternatively, given that this subpopulation exhibit lower NK1R immunoreactivity than other lamina I projection neurons (Spike et al., 2003) , they may not have been detected with TMR-SP labeling. However, if this subpopulation was included in the current study, the lack of potentiation may simply reflect the differing timescales, days after an inflammatory insult versus minutes after an artificial induction protocol (Ikeda et al., 2006) . In summary, although this study does not provide support for homosynaptic potentiation of C-fiber monosynaptic inputs to lamina I NK1R ϩ neurons in inflammatory pain, neither does it specifically refute inflammation-induced potentiation of monosynaptic C-fiber-evoked responses in lamina I NK1R ϩ PAG projecting neurons.
It is well established that A␦ fibers mediate mechanical hyperalgesia via central spinal mechanisms after injury, but to date the circuitry engaged by these afferents is unknown (Treede and Magerl, 2000) . The present study has demonstrated unmasking of novel and potentiated monosynaptic A␦-fiber inputs to lamina I NK1R ϩ neurons, which are essential for hyperalgesia, after CFA inflammation. These findings therefore reveal spinal circuitry that is only engaged by A␦ fibers after injury and as such may underlie or contribute to the sensation of mechanical hyperalgesia. In support, both noxious mechanical stimulation and electrical stimulation of A␦ fibers, a proportion of which express substance P (Lawson et al., 1997) , induce NK1R internalization in a significantly larger proportion of lamina I NK1R ϩ neurons, after CFA inflammation (Abbadie et al., 1997; Allen et al., 1999; Honor et al., 1999) . Furthermore, CFA inflammation enlarges noxious mechanical receptive field sizes of lamina I projection neurons, interestingly without unmasking any low-threshold mechanoreceptive drive (Hylden et al., 1989) , which correlates well with the novel A␦ and unaltered A␤ input observed in the current study.
Silent synapses
Pure NMDA receptor or silent synapses have been identified in the dorsal horn by various groups (Bardoni et al., 1998; Li and Zhuo, 1998; Baba et al., 2000; Jung et al., 2005) , but their existence has recently been disputed (Yasaka et al., 2009 ). In the latter study, during the silent synapse identification protocol, paired presynaptic stimulation (0.2 Hz) and postsynaptic depolarization (0 mV) was applied to verify pharmacological blockade of IPSCs. Because this "pairing" protocol induces AMPA receptor expression at previously silent synapses (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996) , any silent synapses present may have been inadvertently altered and therefore the lack of evidence for silent synapses reported is inconclusive. Dorsal horn silent synapses have been proposed to be a developmental phenomenon, prominent mainly in the first postnatal week (Li and Zhuo, 1998; Baba et al., 2000) , but their expression correlates with susceptibility to plasticity (Isaac et al., 1997) . Therefore, their expression in lamina I NK1R ϩ neurons, implicated in synaptic plasticity (Ikeda et al., 2003 (Ikeda et al., , 2006 Géranton et al., 2007 Géranton et al., , 2009 , is not surprising. A postsynaptic model of silent synapses is generally assumed in which NMDA but not AMPA receptors are expressed postsynaptically. Presynaptic models also exist in which low-level glutamate release, from partially functional presynaptic terminals or from adjacent functional synapses that spill over, leads to the activation of only high-affinity NMDA but not lowaffinity AMPA receptors present postsynaptically (Kerchner and Figure 7 . Estimated conduction velocity of silent monosynaptic A␦ and conventional (control and CFA) monosynaptic A␦-and C-fiber inputs. Averaged data are represented as mean Ϯ SE. Control A␦ (n ϭ 14), CFA A␦ (n ϭ 24), silent A␦ (n ϭ 6), control C (n ϭ 37), and CFA C (n ϭ 21). One-way ANOVA followed by Bonferroni's post hoc tests reveals that all A␦ subgroups are not significantly different from one another, that both C subgroups are not significantly different from one another, but that all A␦ subgroups are significantly different from both C subgroups. Post hoc test significance values range from *p Ͻ 0.05 to p Ͻ 0.001, so for simplicity the least significance is shown. Nicoll, 2008) . Postsynaptically silent synapses are believed to be activated by AMPA receptor insertion postsynaptically. Presynaptically silent synapses become apparent by enhanced presynaptic glutamate release. In the dorsal horn, evidence thus far is for the postsynaptic model (Bardoni et al., 1998; Li and Zhuo, 1998; Li et al., 1999; Baba et al., 2000; Jung et al., 2005) . If, as proposed, the silent synapses in the present study are the substrate for the novel A␦ inputs observed in inflammation, it seems likely, therefore, that postsynaptic mechanisms would be involved, especially given the altered postsynaptic AMPA receptor subunit composition in inflammatory pain (Katano et al., 2008; Larsson and Broman, 2008; Vikman et al., 2008) . However, presynaptic mechanisms may also play a role, particularly given that the silent synapses were observed at room temperature, conditions under which spillover is enhanced (Asztely et al., 1997) . Interestingly, to achieve maximal potentiation, it has been suggested that synapses draw on both presynaptic and postsynaptic resources, with presynaptic potentiation emerging once silent synapses are unsilenced by postsynaptic mechanisms (Ward et al., 2006; Kerchner and Nicoll, 2008) . Therefore, the emergence of novel A␦-fiber inputs after CFA inflammation may well result from a combination of both postsynaptic and presynaptic mechanisms. It will also be important to determine whether this unmasking is driven by activity in particular afferent inputs or in descending serotonergic systems (Li and Zhuo, 1998) , which interestingly have been shown to regulate mechanical hypersensitivity in inflammatory pain (Géranton et al., 2008; Wei et al., 2010) .
Heterosynaptic facilitation
It has been proposed that a heterosynaptic facilitation model of central sensitization is necessary to explain secondary mechanical hyperalgesia and mechanical allodynia (Treede and Magerl, 2000; Woolf, 2009, 2010; Sandkühler, 2010) and potentially also primary mechanical hyperalgesia (Klein et al., 2008) . This central sensitization is driven by C-fiber nociceptors and facilitates A␤-fiber and capsaicin-insensitive A␦-fiber input to distinct spinal circuitries, hitherto undefined, which mediate mechanical allodynia and hyperalgesia, respectively, without facilitation of C-fiber inputs. It is argued that models of homosynaptic potentiation of C-fiber inputs with projection neurons are insufficient to explain these phenomena and instead may contribute, together with peripheral sensitization to primary hyperalgesia. However, the current study provides novel evidence for a spinal circuitry that complies with the heterosynaptic facilitation model and may be relevant for mechanical hyperalgesia. Specifically, inflammatory pain, which is driven by C-fiber nociceptors (Abrahamsen et al., 2008) , facilitates monosynaptic A␦-fiber input to lamina I NK1R ϩ neurons, without facilitation of monosynaptic C-fiber inputs. If, as proposed, this novel circuitry contributes to mechanical hyperalgesia, elucidating the mechanisms by which this circuitry is unmasked and identifying agents that reduce its activity could aid in the targeting of pathological versus nociceptive pain.
